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ABSTRACT 

This  paper  briefly  reviews  our  recent  studies,  which  aimed  to  investigate  the  effects  of  I)  the  Ca2+  and  PO4J-  ions 
flow  and  2)  amelogenins  oh  the  lengthwise  growth  of  octacalcium  phosphate  (OCP),  which  is  a potent  precursor  of 
enamel  apatite  crystal.  OCP  crystals  were  grown  at  37°C  in  a dual  membrane  system  under  various  amount  of  ionic 
inflow  into  a reaction  space,  using  l ) 5-30mM  Ca  and  PO4  solutions  as  ionic  sources  and  2)  extracted  bovine 

amelogenin  and  recombinant  murine  amclogehins  (rM  179,  rM!66).  With  an  increase  in  the  amount  of  Ca2+  and/or 
PO4J"  ions  flow,  the  length  of  OCP  crystal  increased,  while  the  width  decreased.  As  a result,  the  length  to  width 
(L/W)  ratio  of  crystal  changed  from  3 to  95,  while  the  width  to  thickness  (W/T)  ratio  from  32  to  9.  The  effect  of 
amelogenins  was  unique,  regardless  of  the  type  of  amelogenins : Rod-likc  and  prism-Iikc  OCP  crystals  with  large 
L/W(6I~107)  and  small  W/T  (I  J~2.2)  ratios  were  formed  in  10%  amelogenin  gels.  In  contrast,  characteristic 
ribbon-like  OCP  ctystals  grew  without  protein  and  with  gelatin,  albumin,  polyacrylamide  gel  and  agarose  gel. 
Specific  interaction  of  amelogenins  with  OCP  crystal  was  ascribed  to  the  self-assembly  property  of  amelogenin 
molecules  and  their  hydrophobic  nature.  It  was  suggested  that  ionic  flow  and  amelogenins  play  some  critical  roles 
in  the  elongated  growth  of  enamel  crystals. 

INTRODUCTION 

Enamel  crystals  of  mammalian  tooth  are  formed  in  an  enamel  matrix,  which  is  abundant  m amelogenins,  under 
regulated  Ca2+ and  PO42- ion  supply  from  the  layer  of  ameloblasts.  In  the  early  stage  of  the  enamel  crystal 
formation,  very  long  and  thin  crystallites  deposit  in  an  enamel  matrix  with  their  long  axis  parallel  to  each  other.  In 
the  later  stage,  crystals  mainly  increase  their  width  and  thickness,  and  grow  into  flat-hexagonal  prisms  [1,2].  The 
morphology  is  quite  different  from  the  irregular  shaped  plate-like  morphology  of  bone  and  dentin  crystals.  • We 
speculate  that  the  uniqueness  of  enamel  crystals  relates  lo  their  growth  condit  ion : I ) lattice  ions  of  enamel  crystals, 
Ca2+andP042'  ions,  arc  transported  from  the  layer  of  ameloblasts  into  the  enamel  matrix,  which  might  cause  - . 
ionic  flow,  and  the  mode  of  the  ionic  flow  changes  during  the  tooth  enamel  formation  [3,4] ; 2)  molecules  of 
amelogenin,  which  is  major  component  of  enamel  proteins  [5,6]  and  highly  hydrophobic  [7],  assemble  into 
nanosphcrcs  and  form  gel  [8-10]  with  unique  property  [ 1 1 ]. 

Wc  have  been  studying  the  mechanism  of  the  lengthwise  and  oriented  growth  of  enamel  crystals  based  on  a 
hypothesis  that  1)  octacalcium  phosphate  (OCP)-Iike  phase  is  initiated  as  a precursor  of  enamel  apatite:  2)  one 
directional  supply  of  the  lattice  ions  contribute  to  the  lengthwise  growth  m the  c-axis  direction ; 3)  amelogenin 
nanosphcrcs  play  roles  as  a scaffolding  matrix  in  the  highly  organized  growth  of  enamel  crystals  [reviewed  in 
12.13],  Toevaluate  theliypothesis.  OCP  ctystals  were  grown  in  a model  system  of  tooth  enamel  formation,  where 
Ca2+  and  P04^-  ions  were  supplied  through  membranes  into  amelogenin  gels  (a  dual  membrane  system  [14-16]). 
The  present  paper  show's  how  ionic  flow  and  amelogenins  affected  the  growth  of  OCP  crystals. 

EXPERIMENTAL 

A dual  membrane  system 

Reactions  were  carried  out  at  37  °C  and  pH6.5  for  3days  in  a dual  membrane  system  [ 14],  where  a cation 
selective  membrane  (CMV™)  (Asahi  Glass  Co.)  and  a dialysis  membrane  (Visking  CelluloseTubing : Union 

Carbide  Co.)  were  used  to  control  diffusion  of  Ca^+  and  P04^'  ions.  Membranes  (about  8mm  in  diameter)  were 
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attached  In  a Ca  solution  ( CatCHjCOOJj  • H2O, 1.8ml)  container.  The  Ca  solution  container  was  put  into  a PO4 

solution  ( NII4H1PO4  + (NFl4)2llP04  ; 1:1  molar  ratio.  100ml).  Ca^+  and  P04^*  itins  diffuse  into  the  reaction 
space  between  the  membranes  (about  I5pl  of  volume)  from  mutually  opposite  sides  respectively  through  the  CMV 
and  the  dialysis  membrane.  Crystals  deposited  on  the  CMV  or  on  the  both  membranes  depending  on  the  solution 
concentration. 

Effect  ofinnieflow 

To  evaluate  the  effect  of  ionic  flow  on  the  growth  mode,  crystal  growth  was  carried  out  under  different  amount  of 
P04^'  and  Ca^+  ions’  flux  f I5J.  One  of  factors  that  determine  the  driving  force  of  diffusion  of  ions  through  a 
membrane  is  the  potential  difference  across  it.  Therefore,  amount  of  P04^‘  ami  Ca^+  ions’  influx  across  the 

membrane  was  changed  by  changing  concentration  of  phosphate  solution  and  Ca  solution  used  as  P04^*  and  Ca^+ 
ionic  sources.  5, 10,  or  30mM  of  PO4  and  Ca  solutions  were  used  in  different  combinations. 

Effects  of  ametogenins 

To  evaluate  the  effect  of  ametogenins,  crystal  growth  was  carried  out  in  10%  amclogcnin  gels,  using  lOmM  Ca 
and  PO4  solutions.  Three  types  of  ametogenins  were  used : I ) extracted  bovine  amclogcnin  and  2)  recombinant 
murine  ametogenins,  rM179(M=20kDn)  and  rM166  (M=l6.8kf)a).  About  40%  of  the  bovine  amclogcnin  was 
2Q.7kDa  fraction,  which  lack  the  hydrophilic  C-terminal  residues  of  the  full  length  amelogenin  [17,18],  and  the  rest 
was  degraded  fractions  with  the  molecular  weight  or  about  3-8, 13.  16kDa  [14].  rM  179  has  the  hydrophilic  C- 
termmal  residues  and  lacks  an  N-tcrminal  methionine  and  a phosphnrylatcd  serine  residue : rM  1 66  lacks  the 
hydrophilic  C-terminal  residues  present  in  rM  179  [19].  Their  purity  was  higher  than  95%  [ 1 6],  10%  amclogcnin 
solution  was  pis  in  the  reaction  space  and  lOmM  of  Or  and  PO4  solutions  were  used  as  ionic  sources.  Some  parallel 
reactions  were  carried  out  in  10%  bovine  scrum  albumin,  gelatin,  polyacrylamide  fPAA)  gel  and  1%  agarose  gel  for 
a comparison. 

Alter  a reaction,  the  precipitates  still  fixed  on  the  membrane  were  rinsed  superficially  with  distilled  water  and  air 
dried  or  lyophilized  when  organic  materials  were  used.  Crystals  were  identified  by  an  X-ray  diffractometer (XRD) 
(Rigaktt,  RINT  2500).  Morphology  of  crystals  was  observed  by  a scanning  electron  microscope  (SEM)  (Hitachi, 
S4500).  Crystal  size  was  measured  on  the  SEM  photographs,  and  their  averages  and  standard  deviations  were 
calculated.  ' 

RESULTS 

Effect  of  intlic  flow 

Morphology  of  OCP  crystal  changed,  depending  on  the  concentration  of  Ca  and  PO4  solutions  used  as  ionic 
sources  (figure  1 ).  Plate-like  crystals  grew,  when  5mM  solutions,  which  were  minimum  concentrationjo  form 
crystals  in  the  present  condition,  were  used.  Length  ofOCPctystal  increased  from  about  1 3*4  pm  to  9 1 ±7p m with 
an  increase  in  concentration  of  Ca  and/or  PO4  solutions.  Increase  in  length  was  smaller  than  expected,  when  the 
solution  concentration  was  higher  than  KhnM,  because  crystal  grew  on  both  CMV  and  dialysis  membrane,  while 
they  grew  only  on  the  CMV  when  the  concentrations  were  lower  than  lOmM.  The  width  decreased  under  a large 
amount  of  ionic  flow.  The  drastic  change  of  morphology  from  rectangle  to  long  ribbon  is  figured  by  the  length  to 
width  (L/W)  and  width  to  thickness  (W/T)  ratios  (figure  2) : The  L/W  ratio  changed  from  3 to  95,  whereas  the  W/T 
ratio  changed  bclween  32  and  8,  as  the  concentration  of  Ca  and/or  PO4  solutions  increased.  Thus,  longer  and 
narrower  ribbon-like  crystals  grew,  when  the  amount  of  flux  across  the  membranes  was  large. 
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Figure  I.  MorphologyofOCP crystafsgrown under  variousamount of  P04^* and Ca^+  ions’  influx. 
Concentration  of  Caand  PO4  solutions  used  as  ionic  sources  are  (a)  Ca  5mM,  PO4  SmM ; (b)  Ca  SmM,  PO4  30mM 
; (c)  Ca  lOmM,  PO4  30mM.  . 
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Figure  2.  Length  to  width  (L/W)  ratio  and  width  to  thickness  ( W/T)  ratio  of  OCP  crystals  grown  under  various  ion 
flows  [15].  The  scheme  shows  morphology  and  crystallographic  axes  of  OCP  crystal. 


The  effect  of  amelogenins  on  the  crystal  morphology  was  unique  (figure  3) : Ribbon-like  crystals  grew  in  the 
absence  of  organic  materials  (control)  and  in  gelatin,  albumin,  PAA  gel  and  agarose  gel : In  contrast,  prism-like  and 
tod-like  crystals  grew  in  10%  amelogenins,  regardless  the  type  of  amelogenins.  The  XRD  indicated  these  products 
are  OCP  with  good  crystallinity. 

Drastic  reduction  in  length  and  width  of  OCP  crystal  was  caused  by  organic  materials  with  different  efficiency 
(figure  3, 4).  The  length  decreased  from  90±8gm  (control)  to  6±2pm  (bovine  amelogenins)  and  3.6±)pm 
(albumin),  and  the  width  from  2±0,5y  m (control)  to  94±35nm  (bovine  amelogenins)  and  83±  1 7nm  (albumin).  The 
inhibitory  activity  of  the  bovine  amelogenins  in  length  was  larger  than  that  of  tM  1 79  and  tM  1 66.  Both  rM  1 66  and 
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rM  179'had  similar  effect  oii  the  growth  of  OC‘P.  The  inhibitory  activity  of  amelogenins  gels  in  length  and  width 
were  linger  than  that  of  PAA  gel.  Whereas,  the  decrease  in  thickness  caused  by  amelogenins  gels  was  smaller  than 
tins  caused  by  other  materials.  The  inhibitory  effect' of  albumin  was  the  largest. 

The  degree  of  crystal  si/c  redaction  in  1 0%  amelngenihs  gels  was  in  the  order  bf  width,  length  and  thickness. 

Thts  mcans  that  atnclogcnins  suppressed  the  growth  of  OTP  in  the  order,  b-axis  >.c-axis  > a-axis  direction  and  that 
the  interaction  of  amelogenins  with  the  ctystal  face  bfOCP  was  in  the  order  of  (010)  > (001  )>  (100). 


Figure  3.  Morphology  of  crystals  grown  (a)  without  ndditives.  in  (b)  10%  albumin,  (c)  10%  rMI79.  and  (d)  10% 
rM  1 66.  Note  that  both  rod-like  and  prism-like  crystals  were  obtained  in  three  types  of  amelogenins.  i.e..  bovine 
amclogcnin.  rM  1 7*)  and  rM  1 66. 
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Figure  4.  Length  (L),  width  ( W),  thickness  (T),  L/W  ratio  and  W/T  ratios  of  OOP  crystals  grown  without  proteins 
and  in  10%  bovine  amelogenins,  rM  179,  rM  1 66,  albumin  and  gelatin. 

The  L/W  and  W/T  ratios  of  the  crystals  (figure  4)  show  the  unique  effect  of  amelogenins  on  morphology. 

Bovine  amelogenin,  rM  1 79  and  rM!66  resulted  crystals  with  Ihc  L/W  ratio  larger  than  that  of  control  crystals  and 
with  the  smallest  W/T  ratio.  IncascofrM166andrMI79,thcL/W  ratio  was  about  2.5  times  huger  than  and  the 
W/T  ratio  was  about  1/6  times  smaller  than  those  of  control  crystals.  Gelatin  also  caused  the  elongation  as  well  as 
rM166andrM179.  but  the  W/T  ratio  was  1/2  of  the  control  crystal. 

DISCUSSION 


The  results  of  our  in  vitro  experiments  demonstrate  that  both  ionic  flow  and  amelogenin  contributed  to  form  OCP 
crystals  with  elongated  morphology.  Under  a larger  amount  of  ionic  flow,  the  lengthwise  growth  was  enhanced, 
while  the  growth  in  the  width  direction  was  reduced.  OCP  crystal  grew  preferentially  in  the  e-axis  direction,  while 
grew  less  actively  in  the  b-axis  direction.  The  (001 ) face  of  OCP  crystal  was,  presumably;  the  most  active  face  bn 
which  ions  and  molecules  of  the  lattice  components  were  attached  and  subsequently  OCP  structure  was  quickly 
constructed  in  the  c-axis  direction.  As  a result  tbe  maximum  L/W  ratio  of  crystals  was  about  25  times  larger  than 
that  of  crystal  grown  under  the  smallest  ionic  flow  (figure  2).  In  flic  absence  of  otganjc  materials,  even  when  the 
ionic  flow  changed,  crystal  length  and  width  were  not  reduced  less  than  13  and  4 pm,  respectively.  When  Ihc  ionic 
flow  was  further  decreased,  i.c„  when  the  concentration  of  the  ionic  sbu-.ecs  were  less  than  SiiiM,  there  was  no 
precipitation  on  the  membrane.  Drastic  reduction  in  crystal  size  was  caused  by  organic  materials  with  different 
efficiency  (figure  4).  . - - 

Amelogenin  gels  caused  a large  decrease  in  width  and  small  decrease  in  thickness  of  OCP  crystal.'  As  a result, 
decrease  in  W/T  ratio  caused  by  10%  amelogenin  gels  was  larger  than  those  caused  by  other  organic  materials  used 
(figure  4).  The  W/T  ralio.  I J.  was  much  smaller  than  that  caused  by  the  change  in  the  amount  of  ion  flow  in  the 
absence  of  amelogenins  (figure  2).  Tbe  effect  of  amelogenins  on  crystal  morphology  was  common  among  bovine 
amelogenins.  rM  1 66  and  rM179,  regardless  of  the  homogeneity  of  molecular  weight  and  the  existence  of  the 
hydrophilic  C-tcrminal.  This  indicates  that  the  specific  interaction  of  amelogenins  with  the  crystal  faces  of  OCP 
related  to  some  common  factors  among  these  amelogenins.  That  is  hydrophobicity  [14,16],  because  most  part  of 
amelogenin  molecules  arc  composed  with  hydrophobic  amino  acids,  except  the  C-terminal  of  tMI79  [20], 
According  to  the  crystal  structure  analysis  [21],  OCP  has  ten  HjO  molecules  per  one  unit  cell.  Amount  of  H2O 
molecules  exposed  in  its  crystal  face  is  in  the  order  of  (100)  >(001)»(0!0).  Therefore,  it  is  expected  that  the 
(100)  and  (001)  faces  are  hydrophilic,  while  the  (010)  face  is  rather  hydrophobic.  The  ionic  arrangement  in  its 
crystal  face  suggests  that  the  (100)  and  (010)  feces  are  positive,  while  the  (001)  face  is  slightly  negative.  The 
amount  of  the  positive  charge  orthc  (100)  is  higher  than  that  of  the  (001).  Amelogenin  molecules  arc  hydrophobic 
and  positive  at  pH6.5,  and  they  assemble  into  nanosphcrcs  with  hydrophobic  property  [8-10].  AFM  imaging  of  the 
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10%,  30%  and  35%  amclogenin  gels  revealed  that  those  nanospheres  were  basic  building  block  of  the  amelogenin 
gels  1 16,22.23).  On  the  other  hand.  PAA  get  has  the  closed-cellular  structure  with  the  pore  size  of  a few  micron 
[24].  Due  to  the  cell  walls,  the  mechanical  interference  of  the  PAA  gel  was  supposed  to  be  larger  than  that  of  the 
amclogenin  gels.  Nevertheless,  the  decrease  in  length  by  amelogenin  gels  was  larger  than  that  by  PAA  gel.  This 
also  supports  the  interaction  with  amelogenin  nanospheres  with  the  (001 ) face  of  OTP  crystal.  The  hydrophobic 
and  positive  nanospheres  would  read  with  the  hydrophobic  (010)  and  negative  (001 ) faces  rather  than  with  the 
hydrophilic  and  positive  (100)  face.  This  coincides  with  the  result  that  the  degree  of  the  interaction  was  in  the  order 

ori0l0)>(00.l)>(100).  ■ • 

During  tooth  enamel  formation,  (’a**- and  PO4  ••  ions  are  transported  from  the  layer  of  ameloblasts  into  the 
enamel  matrix  and  the  mode  of  ionic  transports  change  during  enamel  formation,  accompanied  with  the  changes  in 
activity  of  these  ions  and  the  Cal  PO4  ratio  [3,4],  Recent  studies  have  postulated  that  amelogenin  nanospheres  play 
active  roles  in  the  elongation  of  enamel  crystals  [9.I3J.  In  the  dual  membrane  system,  it  was  demonstrated  that  the 
l/W  ratio  was  increased  about  25timcs  by  increasing  the  amount  of  the  ionic  flow  and  h was  increased  in  10%  . 
amclogenin  gels  1 .5-2.5  times  larger  than  that  of  control  crystals  [14-16],  thereby,  indicating  that  the  ionic  flow  and 
amclogenin  gels  played  a key  role  in  the  lengthwise  growth  of  OCP  crystal.  In  a gelatin  gel  system,  1-2% 
nmclngcnins  effectively  elongated  OCP  crystals,  which  have  the  L/W  ratio  3-5times  larger  than  that  of  control 
crystals  |25].  Tire  width  and  thickness  of  human  enamel  crystals  in  the  early  stage  are  I5nm  and  l.5nm, 
respectively,  and  those  in  maturation  stage  arc  68nm  and  26nm.  respectively  [2],  Since  enamel  crystals  are  long,  not 
straight  and  fragile,  it  is  difficult  to  measure  the  length.  It  is  reported  that  enamel  crystals  extend  over  an  entire  layer 
from  the  dcntino-cnamcl  junction  to  Tomes'  processes  of  ameloblasts  [26]  and  they  are  at  least  1 00pm  [27],  which 
maybe  the  longest  reported  vnluc.  When  the  length  and  the  width  were  100pm  and  I5nm.  respectively,  the  L/W  is 
6667.  When  the  length  and  width  were  1 00pm  and  6811m.  respectively,  the  L/W  is  1470.  The  extremely  large  L/W 
ratio  of  enamel  crystals  might  still  require  othcrfactors/mechanism  to  be  involved,  which  work  to  reduce  the  width 
(i.c..  the  growth  in  the  b-axis  direction)  and  to  increase  the  length  <i.c—  the  growth  in  the  e-axis  direction)  in 
combination  with  amclogcnins  and  ionic  flow. 

CONCLUSIONS 

The  increase  in  the  amount  of  calcium  nnd  phosphate  ionic  flow-  enhanced  OCP  crystal  to  grow  longer  and 
narrower.  Organic  materials  reduced  crystal  size.  The  effect  of  amclogcnins  on  the  morphology  of  OCP  was 
unique,  when  it  was  compared  with  albumin,  gelatin.  PAA.  and  agarose.  Only  10%  amelogenin  gels  changed  the 
morphology  from  ribbon-like  to  prism-like  with  large  L/W  ratio  and  small  W/T  ratio.  Amount  of  water  molecules 
and  electric  charge  of  the  ( 100).  )01 0)  and  (001 ) face  of  OCP  crystal  reflected  the  degree  of  interaction  with 
amclogcnins.  The  present  study  supported  the  view  that  the  ionic  flow-  and  amctogchin  ionospheres  play  key  roles 
in  controlling  the  lengthwise  and  oriented  growth  of  enamel  crystal. 
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